As is well recognized, the asymptotic of the perturbative QCD prediction for the pion form factor is much smaller than the upper end of the data. We investigate this problem. We first evaluate the next-to-leading-order ͑NLO͒ power correction for the pion form factor. The corrected form factor contains nonperturbative parameters which are determined from a 2 fit to the data. Interpreting these parameters leads to the fact that the involved strong interaction coupling constant should be identified as an effective coupling constant under a nonperturbative QCD vacuum. If the scale associated with the effective coupling constant is identified as ͗x͘ 2 Q 2 , then Q 2 , the momentum transfer square for the pion form factor to be measured, can have a value about 1 GeV 2 , and ͗x͘, the averaged momentum fraction variable, can locate around 0.5. This circumstance is consistent with the asymptotic model for the pion wave function.
I. INTRODUCTION
The exclusive process plays an important role in improving our understanding of strong interactions. A detailed analysis of the exclusive process may exhibit the constituents of hadrons and shed light on the underlying dynamics. One important progress in this respect is that perturbative QCD ͑PQCD͒ was proposed for exclusive processes involving large momentum transfer ͓1-5͔. The basic idea of PQCD in these processes is the factorization theorem, which demonstrates that the transition amplitude can be factorized into a convolution of hadronic wave functions and a hard function. The hard function involving the short-distance interactions is perturbatively calculable, while the hadronic wave functions containing the long-distance physics are nonperturbative. PQCD has the ability to predict outcome due to the fact that for a specific hadron, its hadronic wave function is universal for transition processes in which the hadron can participate.
The pion form factor has been investigated in the framework of PQCD ͓4 -15͔. In the experimentally accessible energy region of a few GeV 2 , the asymptotics of PQCD is only about one-fourth of the experimental value. This fact has received much attention in the literature. It also stimulated the debate about whether PQCD can be used for the pion form factor. As indicated by Isgur and Llewellyn ͓16,17͔, most contributions to the form factor are from the soft endpoint regions, i.e., the end-point singularity with which the perturbative calculation would become unreliable. To resolve this problem, Li and Sterman ͓6͔ proposed a modified hardscattering approach for the hadronic form factor. In this approach, the end-point singularity is replaced by a resummation over soft radiative corrections, i.e., the Sudakov form factor. It was found that, with the transverse degrees of freedom playing the role of infrared cutoff, the PQCD contribution becomes self-consistent for momentum transfer as low as a few GeV. Other approaches to solve the end-point singularity problem have also been proposed, such as the transverse structure of the pion wave function ͓18 -20͔, the effective gluon mass ͓21͔, and the frozen running coupling constant ͓22,23͔.
The discrepancy between theory and experiment may be eliminated by power correction ͓10-12,15͔ or radiative correction. However, as shown in ͓7,8͔, the next-leading-order ͑NLO͒ radiative corrections can only contribute 20-30 %, which is still not enough to account for the data. Therefore, it is interesting to find out how large a contribution the NLO power correction can give. For the pion form factor, the NLO ͓i.e., O(1/Q 4 )͔ power correction may receive contributions from operators composed either of one twist-2 and one twist-4 distribution amplitude ͑DA͒ or two twist-3 DAs ͓24͔. The contributions from the latter have been calculated in PQCD ͓10-12,15͔. To have a complete PQCD description for the form factor up to NLO power correction, the contributions from the former must also be considered. Based on the method developed in ͓25͔, the former type of operator can be systematically calculated. The most important feature of this method is that the NLO power correction can have a partonic interpretation. By combining the contributions from both types of operators, we can find an interpretation for the data.
The organization of this paper is as follows. We investigate the power expansion for the ␥*→ process in Sec. II. The pion form factor F (Q 2 ) up to order O(Q Ϫ4 ) is evaluated in Sec. III. Using the pion form factor, we arrive at a phenomenological pion form factor by employing a least-2 fit to the data. Comparisons between the theoretical and the phenomenological pion form factors are given. Section IV contains discussions and conclusions.
II. COLLINEAR EXPANSION
In this section, we shall describe our approach for the power expansion for the ␥*→ process. The method we shall employ is called the collinear expansion ͓25-27͔. Let ϭ*( P 2 ,k 2 ) p (k 1 ,k 2 ) ( P 1 ,k 1 ) represent the lowest-order amplitude for ␥*(q)( P 1 )→( P 2 ) as depicted in Fig. 1͑a͒ . The explicit form for the amplitude is expressed as
where p (k 1 ,k 2 ) denotes the amplitude for the partonic subprocess, and (k i ), iϭ1,2, represents the pion DAs. The denotes convolution integrals over the loop momenta k i and traces over the color indices and the spin indices. To pick out the leading contribution, we assign the momenta of the initial-and final-state pions in the following way. We choose
2 being large. We shall employ the light-cone gauge in the following calculations. The internal loop momenta k i , iϭ1,2, are parametrized as
where x i are dimensionless numbers of order unity and the vectors n i are in the direction of the opposite-moving external vectors such that n i • P i ϭ1, n i 2 ϭ0, n 1 •n 2 ϭ2/Q 2 , and also n 1 • P 2 ϭn 2 • P 1 ϭ0. The first step is to perform a Taylor expansion for the partonic amplitude
where we have assumed the low-energy theorem
The leading term * p contains leading, next-to-leading, and even higher-order power corrections which should be determined from the spin structure of p , the term proportional to n " i or P " i . The n " i term would project a collinearpair from the meson, while the P " i term would not diminish only when thepair carries noncollinear momenta. The second step is to substitute the leading partonic amplitude p into the convolution integral with the pion wave function to factorize the leading and subleading power contributions,
͑5͒
where 0 and 1 denote the leading twist ͑LT͒ and next-toleading twist ͑NLT͒ pion DAs, respectively. The 1 contains both short-distance and long-distance contributions. The short-distance contributions of 1 arise from the noncollinear components of k i . By the equation of motion, the noncollinear components of k i will induce one quark-gluon vertex i␥ ␣ and one special propagator in " i /2x i ͓27͔. Because the special propagator is not propagating on the light cone associated with the meson, the quark-gluon vertex and the special propagator should be incorporated into the hard function, p . In this way, 1 is factorized into 1
␣Ј and the short-distance piece ( 1 H ) ␣ is absorbed into p . This leads to the third step,
where
The related Feynman diagrams for this type of correction are displayed in Fig. 2 . In these diagrams, the quark propagator with one bar denotes the special propagator.
We now describe the final step of the collinear expansion. The second term of Eq. ͑3͒ can contribute in subleading order of the power correction as it convolutes with 0 . The momentum factor k ␣ is absorbed by 0 to become a coordinate derivative, denoted as k 
where we have employed ‫ץ,1‬ ␣ ϩ 1,A ␣ ϭ 1,D ␣ . The contributions of the other kind are from those diagrams in which the DAs contain only gluon fields. Because of gauge invariance, the gluon fields need to be converted into field strengths. That is, we need to make the following substitution for the gluon field:
where the gluon field is associated with momentum y P 1 and the factor 1/y is then absorbed by the corresponding partonic
where 1,G ␣ means that it contains G ␣␤ . The last two steps of the collinear expansion can be applied for the final-state pion to calculate the other contributions. Finally, we write the amplitude of the process ␥*→ under the collinear expansion up to O(1/Q 4 ) as
͑10͒
Where NLT DAs 1,D and 1,G are involved in the NLO power correction. The remaining tasks to be considered are the factorizations of the spin indices, the color indices, and the momentum integrals over the loop partons. We refer the reader to ͓25͔ for details of these factorizations. For factorization of spin indices, we employ the expansion of the meson DA into its spin components as
where ⌫ denotes the Dirac matrix ⌫ϭ1,␥ ,␥ ␥ 5 , , and 1 represents 1,D or 1,G . The choice of the lowest twist components 0,1 ⌫ of 0,1 can be made by employing power counting ͓25͔. For the factorization of the color indices, we employ the convention that the color indices of the parton amplitudes are extracted and attributed to the meson DAs. The factorization of the momentum integral is performed by making use of the fact that the leading parton amplitudes depend only on the momentum fraction variables x i . The momentum integrals are then converted into the integrals over fraction variables.
III. O"Q

À4
… CONTRIBUTIONS
The amplitude for the ␥*→ process can be parametrized in terms of the pion form factor,
where Q 2 ϭ( P 2 Ϫ P 1 ) 2 denotes the virtuality of the off-massshell photon and e is the pion charge. The leading contribution of the pion form factor F (Q 2 ) is expressed as
Applying (x)ϭ3 f x(1Ϫx)/ͱ2 into Eq. ͑13͒, one can get
where f ϭ93 MeV will be used below in the numerical analysis.
We now describe the calculations of the NLO power correction. We shall employ the light-cone gauge. The leading Feynman diagrams displayed in Fig. 4 are considered. After explicit evaluations for each diagram, we find the nonvanishing contribution is from Fig. 4͑d͒ . The result then reads
where G(x) and G (x) denote twist-4 pion DAs ͓25͔. To simplify the situation further, we assume that G(x) and G (x) 
which is from on-shell quark lines. This divergence cannot be completely resolved under perturbation theory. There requires a resummation over the soft divergences associated with the virtual quark lines. One also needs to introduce a jet function to absorb these divergences. We shall skip the detailed perturbative structure of these divergences ͓10-12,28͔. The initial function for such a jet function is nonperturbative. We denote the jet function as J(Q eff 2 ) and reset the NLO form factor as
͑17͒
Combining F LO (Q 2 ) and F NLO (Q 2 ), we obtain
Inspired by the above theoretical pion form factor, we can perform a least-2 ( min 2 ϭ7.967 42) fit to the data ͓1-3͔ to obtain a phenomenological form factor,
͑19͒
where Aϭ0.468 95 Ϫ0.043 29 ϩ0.042 53 with 6 accuracy and B ϭ0.3009. The 2 analysis for the data is shown in Fig. 5 . It is obvious that the data point at 10 GeV 2 is the result of allowed errors. However, due to a small available range of Q 2 for the data, it is difficult to determine the asymptotic of the scaled form factor Q 2 F (Q 2 ) at large Q 2 . Comparing Eqs. ͑18͒ and ͑19͒, we are led to the following conclusions. ͑iii͒ The effective value of the J function at Q eff 2 is also model-dependent with a value of about 0.11 for the AS model and 0.026 for the CZ model.
͑iv͒ Because the pion-photon transition form factor
it is interesting to define the ratio R ͓5͔,
which has a theoretical expression valid for Q 2 у1 GeV 2 ,
͑22͒
Comparing the prediction of F ␥ in Eq. ͑20͒ with the data ͓29͔ gives 2 ϭ12.8 for 15 data points. Note that the F ␥ in Eq. ͑20͒ is multiplied by 5/3 if the CZ model for the pion DAs has been employed. The ratio R I is then smaller by 9/25. However, it has been shown ͓25͔ that the data ͓29͔ for the F ␥ form factor are more suited to the AS model than the CZ model, because the result with CZ DAs has 2 ϭ390 ͑see the Fig. 3 in ͓25͔͒ . Since Eq. ͑20͒ is close to the experiment, we may take it as a fit to the data. The ratio R I (Q 2 ) is a ratio of observable over observable.
As the pion-photon transition form factor with the NLO correction, which has the expression
with R 2 ϭQ 2 /9, can also explain the data ( 2 ϭ57.8), we can define a similar ratio
whose expression reads
The F ␥ as (Q 2 ) in Eq. ͑23͒ is calculated by the AS model for the leading twist pion DA and the usual one-loop formula for the QCD running coupling constant,
where ⌳ QCD ϭ0.2 GeV and ␤ 0 ϭ11Ϫ2/3n f with n f ϭ2 have been used. We compare R I (Q 2 )/ and R II (Q 2 )/ in Fig. 6 . The errors for the ratios R I(II) are from the errors associated with the fit pion form factor F fit . Also plotted are ␣ s (Q eff 2 )/ and ␣ s ( R 2 )/ employed in F ␥ as . From Fig. 6 , R I(II) are larger than ␣ s ( R 2 ) by about a factor of 3-5. The difference between R and ␣ s cannot be compensated for even by including the experimental errors for the F ␥ form factor, which can enlarge the error range for R by 100%. This seems to indicate that the other effects we have not considered may be important. For example, we can encounter two possibilities: the NLO correction and the effects of QCD coupling in the low momentum region. The NLO correction can give contributions of at most 10% ͓see point ͑V͔͒. As for the QCD coupling in the low momentum region, which can be modeled by an effective charge ͓30͔,
with nonperturbative parameters ⌳ V and m g being a few
hundred MeVs, still cannot account for the large value of R . However, due to the low quality of the available data for the pion form factor, it is difficult to draw a firm conclusion regarding the above discrepancy between experiment and theory. We expect that future experiment could support further evidence to resolve the above problem.
͑V͒ By taking into account the contributions from the O(␣ s
2 ) corrections to the leading twist pion form factor ͓31͔, Eq. ͑18͒ is then modified as
The maximum values of the NLO ␣ s corrections have been taken ͓31͔. With the O(␣ s 2 ) corrections, it only amounts to reinterpreting the scale Q eff involved in the coupling constant ␣ s (Q eff 2 ). The value of the jet function is unchanged. This can be seen from the expression of F fit (Q 2 ), where the expansion is strictly ordered in 1/Q 2 . The analysis for Q eff is close to that described in point ͑i͒ within 5%. The O(␣ s 2 ) correction for the ratio R can also be considered by directly applying Eq. ͑28͒. We find that the effects of the O(␣ s 2 ) correction for R are about 5-10 %. Of course, the complete O(␣ s 2 ) corrections are still not available. The analysis made here only reflects partial effects and seems too simple.
IV. DISCUSSIONS AND CONCLUSIONS
We now estimate the percentage of perturbation contributions to the pion form factor. Our approach is to extend the analysis of Isgur et al. by including the NLO power correction. The analysis of Isgur et al. estimates the perturbation contributions of the pion form factor by employing the fractional function f (⑀)
The parameter ⑀ describes a cutoff on xy in order to keep higher-twist contributions and higher-order effects at a reasonably small level. The reference scale is chosen at 1 GeV. Since f (⑀) is a mixture of perturbative and nonperturbative contributions, the perturbation parts are those corresponding to large values of xyQ 2 . For the AS model, f (⑀) reaches 90% for ⑀ϭ1/150. This implies that the naive perturbative contribution is 90% accurate for Q 2 ϭ150 GeV 2 . As for the pion form factor with NLO power corrections, the function f (⑀) is modified, accordingly, as
where ⑀ NLO ϭ⑀ (1Ϫc) We now analyze the effects of the NLO power corrections from the operators composed in terms of two twist-3 pion DAs ͓10-12,15͔. This type of NLO power correction takes the expression
The function J(Q 2 ) is the jet function as introduced before. 
This implies that the value of the jet function, J(Q eff 2 ) Ϸ0.124, is changed by about 10%. It is obvious that Eq. ͑31͒ is as important as Eq. ͑18͒.
It is instructive to check whether the Sudakov form factor can compete with the NLO power correction. The Sudakov form factor arises when one performs a resummation over the soft radiative gluons ͓5,6͔. For the pion form factor, the associated Sudakov form factor behaves like exp ͫ Ϫ , ͑34͒
8C
where k Ќ is the transverse momentum of the loop momentum and ⌳ represents ⌳ QCD , and we have used C F ϭ 4 3 . It is seen that the Sudakov form factor at k Ќ Ϸ⌳, where the power expansion makes sense, decreases faster than any power suppression for Q 2 Ͼ⌳ 2 . Therefore, the Q 2 behavior of the pion form factor at moderate Q 2 is mainly controlled by the power correction.
We have developed a power expansion scheme for ␥* →. The NLO power correction to the pion form factor has been calculated. By employing the form of the pion form factor with NLO power correction, we then perform a least-2 analysis for the data to derive a phenomenological pion form factor. By comparing the phenomenological and the theoretical form factors, we arrive at the conclusion that, due to the nonperturbative QCD vacuum, the strong-coupling constant should be identified as an effective coupling constant with a factorization scale equal to 1 GeV. In addition, the averaged fraction variable is located at 0.5 in agreement with the AS model for the pion DA. The CZ model fails to give a consistent explanation for the data, because its relative factorization scale is in the range of 3 -7 GeV.
From the results of this paper and ͓25͔, we see that the power correction for exclusive processes is not negligible and requires detailed investigations. Over past decades, we have accumulated abundant data for exclusive processes. Most data are in the low-energy region, which is where the power correction plays an important role. The leading or the asymptotic contribution only gives information about the hadronic wave function, the static property of QCD, while the power correction can reveal the dynamics of QCD.
